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ABSTRACT 
 
Land Use and Land Cover Dynamics under Climate Change in  
Urbanizing Intermountain West: a Case Study from Cache County, Utah 
 
by 
 
Enjie Li, Master of Science 
 
Utah State University, 2012 
 
Co-Major Professor: Richard E. Toth;  
Department: Environment & Society;  
 
Co-Major Professor: Shujuan Li; 
Department: Landscape Architecture & Environment Planning. 
 
Climate change is tightly linked with urbanization. Urban development with 
increasing greenhouse gas emission worsens climate change, while climate change in turn 
influence hydroclimate and ecosystem functions, and indirectly affect urban systems. The 
Intermountain West is experiencing rapid urban growth, climate change interacting with 
urbanization poses new challenges to the Intermountain West. Urban planning needs to 
adapt to these new changes and constrains, and to develop new tools and plans to 
effectively respond to climate changes.  
An urban growth model SLEUTH is applied to predict the future urban growth 
and land use dynamics in the Intermountain west, using Cache County as a case study. 
Through the creation of scenarios, model outputs provide best estimates of future land 
use dynamics and urban growth under different policy and management conditions 
 iv 
related to climate change scenarios. The success of integrating climate change into urban 
planning model opened up the opportunities for planners and decisions makers to foresee 
the potential consequences brought by individual policy or management, and to better 
address climate change issues in the “transitional” urban environment.  
 
 
(78 pages) 
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CHAPTER 1 
                                                        INTRODUCTION 
Two major global issues — urbanization and climate change — are having 
particular regional effects in the Intermountain West of the United States.  High rates of 
population growth shifting rural habitats to urbanized habitats has resulted in 
urbanization becoming a major phenomenon in the Intermountain West (Lang et al., 
2008a). Climate change poses new threats to this arid and drought-prone region, changing 
constraints and creating uncertainties to future urban infrastructures, quality of life, and 
natural resources. The Intermountain West is facing severe challenges from transitional 
urbanization under climate change.  
As the fastest-growing region in the United States, the Intermountain West has 
doubled its population size during the past three decades. The most representative 
outcome of this growth is the dramatic rate of urban expansion (Carruthers and Vias, 
2005; Jackson-Smith et al., 2006). From 1982 to 1997, the total amount of developed 
land in the Intermountain West grew by two million acres, or about half an acre per 
person, at the expense of agricultural land, forest, and natural open space (U.S. 
Department of Agriculture, 2002). Further, accelerating urban growth places increasing 
pressure not only on the efficiency of municipal infrastructure and service provision, but 
also on the natural environment. This has caused direct loss and fragmentation of large-
scale agricultural land and rangeland, representing the greatest threat for local agricultural 
productivity, livestock grazing and wildlife habitats (Cuffney et al., 2005). To what 
extend and how urban areas expand will determine the feasibility of sustainable 
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development across the Intermountain West. Thus, land use and urban planning tools are 
necessary to support regional planning and decision-making processes for city managers 
and planners, state agencies, and the general public. 
At a regional scale, a series of biophysical changes are predicted in relation to 
climate change, such as shifts of spatial-temporal patterns of precipitation, early melt of 
snow, and changes in water supplies and demands (Gillies et al., 2012; Mote, 2006; 
Stewart et al., 2004, 2005). Moreover, these biophysical and ecological consequences of 
climate change will lead to adverse impacts on energy and water demand and 
consumption and on city infrastructures, increasing vulnerabilities of this arid region (Gill 
et al., 2007; Kirshen et al., 2008). How does the transitional Intermountain West mitigate 
and adapt to climate change is an urgent task for cities’ planners and decision-makers. 
As greenhouse gases emissions and land use changes are two important 
anthropogenic influences of climate change (Kalnay and Cai, 2003), urbanization is 
considered one of the biggest forces of climate change (Hoornweg, 2012).  Innovative 
urban development and land use patterns is critical to a climate-resilient future, and will 
also determine the feasibility of sustainable development across the Intermountain West. 
Spatial planning, including land use planning and urban planning, plays a key role in 
climate mitigation and adaptation (Carter and Culp, 2010). Unfortunately, local 
authorities respond to climate change mostly by concentrating on reducing greenhouse 
gases; the role of land use planning in promoting climate change adaptation has not been 
recognized (Wilson, 2006a, b). Very few spatial planning tools are being developed to 
analyze the climate change era and inform local policy makers, while spatial planning 
still lacks explicit local engagement with climate change policies (Hoornweg, 2012; 
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Wilson, 2006a). It is time to focus on developing a comprehensive land use and urban 
planning tool that is responsive to climate change. 
Modeling and simulation of land use and land dynamics requires innovative 
methodology and robust techniques to take climate change scenarios into account.  A 
number of analytical and static urban models have been developed to explain urban 
expansion and evolving patterns to predict future urban development (Waddell, 2002). 
Among all the documented dynamic models, those based on Cellular Automata (CA) are 
probably the most impressive in terms of their technological evolution, accuracy and 
effectiveness in connection to urban applications (Clarke et al., 1996b). One task of this 
study is to explore the feasibility of integrating downscaled climate change scenarios into 
a CA model to predict future urban growth and land use change. A proposed SLEUTH 
model is selected to serve this purpose. 
This study examines land use and land cover dynamics under climate change in 
the fast-growing Intermountain West. Cache County, Utah, is chosen as a study site to 
conduct the research. The primary objective is to understand environmental dynamics in 
terms of land use and land cover change during the rapid urbanization process. 
Furthermore, when climate change scenarios are taken into account for future land use 
simulation, a more accurate and realistic prediction can be presented.  Policy 
recommendations and practical tools are suggested for land use planners and policy 
makers to develop mitigation and adaptation strategies for climate change. 
This is the first application of the SLEUTH model in Cache County, Utah. The 
focus of this study is not the creation of a new model but understanding and exploration 
of an existing dynamic model for problem solving in applied urban studies. The other 
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emphasis of this study is to provide a spatial planning tool for climate change adaptation 
at a regional level. 
This study is composed of six chapters. In the first chapter, a brief introduction is 
presented which defines the purpose of this thesis. Theoretical foundations for 
understanding urban growth predictions under climate change are discussed in the second 
chapter under four themes: urbanization and land use dynamics in Intermountain West, 
downscaled climate change, SLEUTH definition, and urban growth predictions with 
SLEUTH. In the third chapter, materials, study area, and methodology are described, 
including the structure and modification of the model at different modes (test, calibration, 
and prediction). Selection of the coefficients for the final prediction mode is examined 
closely in this chapter.  In addition, different scenarios and their build-up criteria are 
reported. The different scenarios projections obtained in this study are featured in the 
fourth chapter. Growth probabilities of each year from the prediction start date through 
the prediction stop date are detailed with figures and tables. Four scenarios (plan trend/ 
climate change A2 scenario, conservation scenarios, climate change B2 scenario, and 
climate change B2 scenario with conservation) are simulated. In the fifth chapter, an 
evaluation of final products and potential implications are discussed. The evaluation is 
based on wildlife habitats, water resources, agriculture, and development suitability 
perspectives. In the conclusion chapter, policy recommendations and practical tools for 
land use planners and policy makers are discussed as mitigation and adaptation strategies 
for climate change. 
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 CHAPTER 2 
                                         LITERATURE REVIEW 
2.1 Urbanization and land use dynamics in the Intermountain West 
The Intermountain West—composed of Arizona, Colorado, Idaho, Montana, 
Nevada, New Mexico, Utah, and Wyoming—has experienced the fastest regional 
population growth in the United States, with an average growth rate twice the national 
average (Carruthers and Vias, 2005; Shumway and Davis, 1996; Shumway and 
Otterstrom, 2001; Li, 2012). About 80 percent of region’s population concentrates within 
five major metropolitan areas—Sun Corridor of Arizona, Front Range of Colorado, 
Wasatch Front of Utah, Greater Las Vegas of Nevada, and Northern New Mexico—while 
over 88 percent of the population growth has been concentrated in the above metropolitan 
areas since 1990 (Figure 2.1.1, Table 2.1.1) (Lang et al., 2008b). Additionally, a 
population of about 13 million is predicted within this region by 2040, which is 
approximately 13 percent of total projected population growth of the nation (Lang et al., 
2008b).  
This exponential population growth is reflected in the region’s land use, resulting 
in urbanization becoming an increasing phenomenon in the Intermountain West 
(Carruthers and Vias, 2005; Lang et al., 2008b). From 1982 to 1997, the total amount of 
developed land in the Intermountain West grew by two million acres, or about half an 
acre per person, at the expense of agricultural land, forest, and natural open space (U.S. 
Department of Agriculture, 2002). By 2000, 93 percent of the population, and about five 
persons per acre, lived in urbanized areas in the Intermountain West (Lang et al., 2008b). 
Continued population growth and urban expansion require more developed lands to offer 
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new dwellings and urban infrastructure. About 5.1 million new housing units plus 1.9 
million replaced or upgraded existing dwellings are needed to accommodate the growing 
population, which means 9.4 billion square feet of new or replacement non-residential 
space will be developed under current population growth rate by year 2040 (Lang et al., 
2008b). Moreover, this potential population and urban growth will require massive new 
investments and employment opportunities; about 900 billion dollars and eight million 
jobs will be needed to accommodate the growing population (Lang et al., 2008b).  
 
Figure 2.1. 1.  The five largest metropolitan areas in the Intermountain West 
Source: Lang et al. (2008b) 
 
 
Colorado, also developed a western-specific application
of Virginia Tech’s original megapolitan work by adding
several western metropolitan areas to the list of large
connected regions. Travis shows “metro zones” along
the Front Range, the Wasatch Front, and the Upper Rio
Grande (or what we call Northern New Mexico).23
About the analysis: 
The data
The data for this report derives largely from U.S.Census Bureau decennial censuses conductedin 1990 and 2000, and from the American Com-
munity Survey (ACS) sample of 2006. The decennial
census offers the most comprehensive information on
demographics, housing, and employment for varying
levels of geography. 
ACS provides more recent information than the
decennial census on demographics and housing,
although county components of megas with fewer than
60,000 residents have not yet been sampled in the
ACS. This means that the most recent demographic
data are missing for Santa Cruz and Cochise counties
in the Sun Corridor, Box Elder and Wasatch counties in
the Wasatch Front, Rio Arriba and Los Alamos counties
in Northern New Mexico, and Nye County in Greater
Las Vegas. 
To supplement the ACS and for the most recent pop-
ulation counts, this report uses data from the U.S.
Census Bureau’s 2007 Population Estimates, which
include all counties in the country. 
Employment data derives primarily from the Bureau
of Economic Analysis and the Bureau of Labor Statistics. 
As with the ACS, some of the data are available only
for metropolitan areas within the megapolitan areas,
and as such are noted in the text or references. 
Other data sources are noted within the text and ref-
erences.
BLUEPRINT FOR AMERICAN PROSPERITY: MOUNTAIN MEGAS 17
Five megapolitan areas are emerging in the Intermountain West
Note: Megapolitan areas are ultimately built from counties, which are giant in the West and give the impression that an enormous amount of space is
urbanized. The reality is that only a fraction of this vast space is in urban use. 
Las
Vegas
Sun
Corridor
Northern
New Mexico
Wasatch
Front
Front
Range
Wyoming
Utah
Texas
Oregon
Oklahoma
New
Mexico
Nevada
Nebraska
Kansas
Idaho
Colorado
California
Arizona
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 Table 2.1.1. Population Growth in the Intermountain West, 2000-2007 
Source: Lang et al. (2008b) 
 
Urbanization causes changes in landscape patterns (Darrel Jenerette and Potere, 
2010). The Intermountain West is faced with intense land use transformation concurrent 
with this population growth trend. Specifically, these changes entail shifts of land use 
from rural to urban, highly modified patch configurations (Darrel Jenerette and Potere, 
2010; Jenerette and Wu, 2001; Luck and Wu, 2002; Schneider and Woodcock, 2008; 
Weng, 2007), and changes of land cover from native to artificial or novel (paved surfaces 
or residential lawns).  For instance, from 1982 to 1997 (Figure 2.1.2), the total amount of 
developed land in the Intermountain West grew by two million acres, over 30 percent 
increase, or about half an acre per person, at the expense of agricultural land, forest, and 
natural open space (Carruthers and Vias, 2005) (U. S. Department of Agriculture, 2002). 
There has also been significant reallocation of land from one rural land use type to 
another within the region (Li, 2012). Land use has been altered from traditional ranching 
and farming to exurban or urban development within the region (Jackson-Smith et al., 
2006; Maestas et al., 2001). 
through 2030.36 While the region experienced periods of
rapid growth and leveling off going back to the 18th century,
the today’s sustained rapid growth projections signal a new
growth dynamic is at work in the region.
Most of the new regional growth is occurring within
the five megapolitan areas here termed the “megapoli-
tan West.” As a group, the megapolitan West contains 80
percent of the five-state area’s population, and captured 88
percent of the region’s population growth since 1990.
Growth in the megapolitan West has consistently outpaced
national rates since 1940, with growth nearly three times
the national rate in the 1990s and since 2000. Together, the
five megapolitan areas in the Intermountain West picked up
11 percent of the nation’s population growth between 1990
and 2007, and nearly 13 percent of the nation’s growth since
2000.
Leading the region i  greater Las Vegas, which has
been growing by more than 6 percent a year in the 1990s
and more than 4 percent annually since 2000. In fact,
metropolitan Las Vegas added population more than twice
as fast as any other large U.S. metropolitan area since 1969,
including fast growing metropolitan Phoenix in the number
two spot. Even the slowest growing of the anchor metropol-
itan areas in the Intermountain West, Albuquerque, still
ranked among the top 30 fastest growing large U.S. metro-
politan areas since 1969, shortly behind Denver and Salt
Lake City. 
The megapolitan West is surprisingly dense. In 2000,
93 percent of the megapolitan West’s population lived in
urbanized areas—areas that contain at least 1,000 persons
per square mile—well above the national average of 79 per-
cent. These rates translate to an average urbanized density
of over five persons per acre in the megapolitan West,
although in Las Vegas the figure jumps to more than seven
persons per acre. Urban Denver and Salt Lake each had an
urban density of six persons per acre in 2000—the same as
in urban Chicago and far above the 3.6 persons per acre in
urban Boston.
THE REGION’S ECONOMY IS RAPIDLY
CHANGING
Job growth has proceeded even faster than population
growth. Since 1970, the megapolitan West added 6.2 million
jobs for a 3.9 percent annual increase over 1970 levels, well
beyond the nation’s 1.9 percent annual growth in jobs and
1.2 percent growth in population.37 Las Vegas’ job base grew
by an astounding 6.0 percent annually, while the Sun Cor-
ridor alone added 2.25 million jobs. By 2005, the
megapolitan West had captured a significantly larger share
of U.S. employment growth (7.6 percent) than its share of
national employment (4.9 percent). This strong growth has
also kept unemployment levels low in the megapolitan West.
As of December 2007, all of the megapolitan areas except
greater Las Vegas had unemployment lev l  lower than the
national average of 4.8 percent, with rates at 3 percent or
lower in Northern New Mexico and the Wasatch Front.38
Despite their historical importance to the region, few
workers remain in resource-extractive industries.39 Pri-
vate sector, non-ag icultural job  in natural resource-based
industries, such as forestry and mining, declined 28 percent
from 1990 to 2004. Resource-based industries, however,
contained fewer than 16,000 employees in 2004 and only
0.3 percent of the megapolitan West’s private sector, non-
agricultural jobs. Agricultural employment has also declined
from 2.3 percent of all jobs in 1969 to just 0.6 percent in
BLUEPRINT FOR AMERICAN PROSPERITY: MOUNTAIN MEGAS 21
The megapolitan West has far outpaced the nation’s rate of population growth in this decade, 
led by booming Las Vegas
Population growth, Percent population 
Population, 2007 2000–2007 growth, 2000–2007
Sun Corridor 5,529,862 1,076,582 24.2%
Front Range 3,895,548 453,410 13.2%
Wasatch Front 2,301,099 342,045 17.5%
Las Vegas 2,075,393 492,659 31.1%
Northern New Mexico 1,037,460 116,389 12.6%
Five mega total 14,839,362 2,481,085 20.1%
United States 301,621,157 19,426,849 6.9%
Source: Brookings analysis of U.S. Census Bureau data
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Figure 2.1.2 Landuse changes from 1982-1997 in Intermountain West 
Source: Carruthers and Vias (2005) 
 
In addition, the changing land use and land cover dynamics, accompanied by 
other repercussions of exponential urban growth, has caused large-scale rangeland and 
farmland fragmentation in the Intermountain West. It adversely leads to the decline of 
efficiency and productivity of agricultural operations (Holechek, 2001; Holechek and 
Hawkes, 2007), suppression of rural economies, displacement of wildlife habitat, 
elimination of recreational opportunities, and rising land prices. Conflicts between 
agricultural and nonagricultural land uses becomes especially more severe as 
urbanization extends into rural areas (Lopez et al., 1988), where National Forest lands, 
major river and lake resources, mountain environments, and other natural attractions 
provide both recreational opportunities and an attractive aesthetic backdrop. This 
expansion trend will shake the structure of rural economies and associated social and 
demographic patterns, presenting threats to the functioning of rural communities and the 
well-being of rural people (Rudzitis, 1999; Winkler et al., 2009).  
REGIONAL DEVELOPMENT AND LAND USE CHANGE 253
gests that many of the socioeconomic changes associated with the development of land
have some underlying order to them (Shumway and Davis 1996; Booth 1999; Vias 1999;
Carruthers and Vias 2005).  To investigate this possibility, several county-level classi-
fications are used to enable observation of systematic differences in patterns of land 
use change.  Specifically, for each county category within a classification, the data were
aggregated, and then growth rates and density measures were calculated.  
The first classification, shown in Table 2, divides counties according to their state 
and metropolitan/nonmetropolitan status.  The state-level classification scheme is used for
examining land use and population change due to significant differences in amenities, gov-
ernment regulation, and economic opportunities—all factors that can vary tremendously
from state to state.  Examining these data, there are a number of broad trends in land use
change that shed light on the path of growth in the Rocky Mountain West.  For instance,
metropolitan and nonmetropolitan counties in most of the states experienced significant
increases in developed land, ranging from a high of 86 percent in New Mexico’s metro-
politan counties, to a low of 10.3 percent in Montana’s lone metropolitan county.  However,
the associated rates of population change for these counties exhibit much greater varia-
tion.  In Nevada, for example, the metropolitan counties experienced a 95 percent increase
in population, compared to a 48 percent growth in developed land. Even more surprising
is the 15 percent increase in developed land in Wyoming’s metropolitan counties that coin-
cides with a decline in population of 4 percent.
The divergence in these rates of change is made even more apparent when density levels
and land use change coefficients are calculated to assess the interaction of changes in pop-
ulation and developed land.  As an expected outcome of exurbanization, the density of
–20.0 –10.0 0.0 10.0 20.0 30.0 40.0
Developed
Cropland
Pasture
Range
Forest
Other Rural
La
nd
 U
se
 T
yp
e
Percentage Change in Acreage
FIGURE 3. PERCENTAGE CHANGE IN LAND USE ACREAGE, 1982-1997.
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Overall, the Intermountain West’s accelerating urban growth places increasing 
pressure not only on the land use, infrastructure and service provision, and municipal 
finance, but also on the natural environment.  How land changes and urban expansion 
occur will determine the feasibility of sustainable economic development across the 
Intermountain West. A comprehensive understanding of urban landscape dynamics is 
requisite for the region to grow more truly prosperous and healthier. Thus, the role of 
spatial planning has been recognized. Spatial planning is a future-oriented activity, and 
strongly conditioned by the past and present (Nedovic-Budic, 2000). 
By applying urban growth and land uses models through the planning process, we 
can gain an understanding of primary spatial patterns, growth trends, and functioning of 
the system as a whole (Hansen, 2007; Hansen, 2011). Though land-use and urban growth 
models may not present the exact reality, but they offer a relatively accurate and more 
easily understood picture of the development process. Hence, models are beneficial for 
planners and decision makers to explore the relations between land use dynamics and 
ecological and social norms, and to predict future patterns of landscape structure (Batty, 
2008; Darrel Jenerette and Potere, 2010; Grimm et al., 2008). They are also useful tools 
for planners to take alternative scenarios into account, and assist in decision making 
processes (Hansen, 2011; Pielke Sr, 2005; Wilson, 2006a). 
2.2  Downscaled climate change in the Intermountain West 
Climate change is a global phenomenon across national and local levels (Corfee-
Morlot et al., 2009; Hoornweg, 2012). A quantity of solid scientific research has studied 
climate change and its potential impacts (Hansen, 2011). According to the 
Intergovernmental Panel on Climate Change (IPCC), the global near surface temperature 
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is expected to increase 1.4 oC~5.8 oC in the next century (Hansen, 2011). Following the 
elevated temperatures, a series of biophysical changes are predicted to happen, such as an 
increase of sea level, changes of spatial-temporal pattern of precipitation, and early melt 
of snow pack (Gillies et al., 2012; Hoornweg, 2012, Li, 2012). Clearly, these changes 
will affect numerous and diverse human activities from public welfare, economics, and 
recreation perspectives (Blakely, 2007; Carter and Culp, 2010; Parry et al., 2007). 
Located between the Rocky Mountains and the Sierra Nevada and Cascade 
Ranges, the Intermountain West comprises large areas of deserts and semi-deserts. Carter 
and Culp (2010) characterized the climate of the Intermountain West by extremes: from 
the mild winters, intense summer heat, and low precipitation of the desert Southwest, to 
the cool tundra of the northern Rockies where glaciers are retreating as growing 
downstream communities rely more than ever on abundant snowpack for secure water 
supplies. The Intermountain West is one of the most vulnerable regions in the United 
States facing climate change (Lang et al., 2008b).  
During the last three decades, the Intermountain West has been experiencing a 
warming up temperature and a pronounced decline of snowpack due to the changing 
climate (Gillies et al., 2012; Lang et al., 2008b). An even drier climate in addition to the 
current arid conditions is predicted over the next 20 years (Leung et al., 2004). This 
warming will result in early snowmelt and reduced summer stream flow, which may 
significantly impact precipitation patterns (McCabe and Clark, 2005; Regonda et al., 
2005). Specifically, heavy rainfalls will occur more often and shift into cold season, 
because of reduced snow accumulation or earlier snowmelt (Gillies et al., 2012; Leung et 
al., 2004).  
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Also, climate change poses challenges to the current natural and artificial water 
capturing systems (Pederson et al., 2010; Ruth et al., 2007; Stewart et al., 2004). Warm 
temperatures will increase the magnitude of evaporation. Changes of rainfall patterns 
most likely will cause spatial-temporal mismatches of water supply and water demand. 
Reduced amounts of snow pack will lead to less runoff and further change the water 
system of the region.  Hence, the already stressed surface water sources face the real 
possibility of being further reduced (Groisman et al.; Mote, 2006; Mote et al., 2005).  
As discussed above, climate change has raised water resource management as a 
particularly important issue. Rapid urbanization will make water issues even more serious 
in the Intermountain West. A large share of water transfers from agricultural practices to 
urban uses is predicted to meet the demand of the growing population and urban 
development (Lang et al., 2008b). This shift will inevitably influence agricultural 
productivity and the market economics of cash crops (e.g., alfalfa) (Li, 2012). Besides, 
the shift of water rights and shares from agriculture to urban uses will make consistent 
water supply even more critical and burdensome in the climate change context (Lang et 
al. 2008). 
Urban areas have been seen as the biggest contributors to climate change, as 
greenhouse gases emissions and land use changes are the two important anthropogenic 
influences on climate change (Change, 2007; Kalnay and Cai, 2003; McCarthy et al., 
2001). The studies of Kukla et al. (1986) showed that a proportion of the 0.5 C over last 
century’s warming up likely were caused by urbanization influences. It has been 
recognized that detected warming is not only due to greenhouse gas emissions associated 
with energy use, but also to urbanization and land use changes on local and regional 
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scales (Karl and Trenberth, 2003; Nasrallah and Balling, 1993). A set of climate change 
scenarios based on different level of CO2 concentrations has been developed by the IPCC 
(Table 2.2.1). These narrative scenarios are tightly coupled with different urban growth 
and land use patterns. Obviously, urban and land use development is essential to a 
climate resilient future, and will also determine the feasibility of sustainable development 
across the Intermountain West.  
Climate change and evolving climate scenarios, merged with rapid population 
growth and regional urban growth, creates a very dynamic context for the future 
development in the Intermountain West. Land use planning and urban planning reconcile 
how the land should be used and managed, however, if climate change scenarios are 
omitted in this process, our basic assumptions and predictions of the big picture of land 
use and availabilities will not be accurate. Thus, efforts should be made to integrate 
climate change into land use planning for mitigation and adaptation. Recently, appeals 
have been raised to integrate climate change mitigation and adaptation policies into 
planning and decision making processes (Blakely, 2007; Corfee-Morlot et al., 2009; 
Hoornweg, 2012; Stern and Britain, 2006).  In addition, the importance of regional spatial 
planning, as an effective path to anticipate and prevent adverse impacts of climate 
change, has been recognized. 
Though climate change is a global issue, national governments cannot effectively 
implement national climate strategies without working closely with regional and local 
governments as agents of change (Corfee-Morlot et al., 2009; Stern and Britain, 2006). 
Climate change adaptations are more effective and immediate in urban areas at local and 
regional levels (Christensen et al., 2007; Hoornweg, 2012). However, Metz and Below 
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(2009) found that though most of the county planners are aware of climate change, the 
majority of them do not consider it as an important issue in land use planning, and 
climate change is viewed, at best, as a secondary consideration. Overcoming such neglect 
through planning processes will not happen overnight. Educating planners about the 
knowledge of climate change and its linkage to urban areas is essential to facilitate this 
transformation, from the idea “climate change has nothing to do with urban planning” to 
the idea “climate changes matters to urban and land use planning.”  Long-term education 
and efforts is necessary to better understand climate change uncertainties and how to 
integrate those considerations into the decision making processes (Hansen, 2011). 
 
Table 2.2.1. Intergovernmental Panel on Climate Change Emission Scenarios 
Source: IPCC (2007).     
Summary for Policymakers  IPCC WGI Fourth Assessment Report 
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The Emission Scenarios of the IPCC Special Report on Emission Scenarios (SRES)17 
 
A1. The A1 storyline and scenario family describes a future world of very rapid economic growth, global population 
that peaks in mid-century and declines thereafter, and the rapid introduction of new and more efficient technologies. 
Major underlying themes are convergence among regions, capacity building and increased cultural and social 
interactions, with a substantial reduction in regional differences in per capita income. The A1 scenario family develops 
into three groups that describe alternative directions of technological change in the energy system. The three A1 groups 
are distinguished by their technological emphasis: fossil intensive (A1FI), non-fossil energy sources (A1T), or a 
balance across all sources (A1B) (where balanced is defined as not relying too heavily on one particular energy source, 
on the assumption that similar improvement rates apply to all energy supply and end use technologies). 
 
A2. The A2 storyline and scenario family describes a very heterogeneous world. The underlying theme is self reliance 
and preservation of local identities. Fertility patterns across regions converge very slowly, which results in 
continuously increasing population. Economic development is primarily regionally oriented and per capita economic 
growth and technological change more fragmented and slower than other storylines. 
 
B1. The B1 storyline and scenario family describes a convergent world with the same global population, that peaks in 
mid-century and declines thereafter, as in the A1 storyline, but with rapid change in economic structures toward a 
service and information economy, with reductions in material intensity and the introduction of clean and resource 
efficient technologies. The emphasis is on global solutions to economic, social and environmental sustainability, 
including improved equity, but without additional climate initiatives. 
 
B2. The B2 storyline and scenario family describes a world in which the emphasis is on local solutions to economic, 
social and environmental sustainability. It is a world with continuously increasing global population, at a rate lower 
than A2, intermediate levels of economic development, and less rapid and more diverse technological change than in 
the B1 and A1 storylines. While the scenario is also oriented towards environmental protection and social equity, it 
focuses on local and regional levels. 
 
An illustrative scenario was chosen for each of the six scenario groups A1B, A1FI, A1T, A2, B1 and B2. All should be 
considered equally sound. 
 
The SRES scenarios do not include additional climate initiatives, which means that no scenarios are included that 
explicitly assume implementation of the United Nations Framework Convention on Climate Change or the emissions 
targets of the Kyoto Protocol. 
 
 
                                                     
17 Emission scenarios are not assessed in this Working Group One report of the IPCC.  This box summarizing the SRES scenarios is taken from 
the TAR and has been subject to prior line by line approval by the Panel. 
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2.3 Urban Growth Prediction with SLEUTH Model 
The importance of integrating climate change scenarios during land use and urban 
planning and decision-making processes has been addressed in the above paragraphs. 
Although the development of spatially-explicit land use and land cover model has been 
advanced, few models have connected land use and land cover dynamics with climate 
change. Solecki and Oliveri (2004) and Hansen (2011) adopted climate change scenarios 
into land use models, but these models are mostly applied in the coastal areas. Little 
research has been done in the Intermountain West, where water is a major constraint to 
and strong driver of urban development. 
 A dynamic modeling approach is preferred to understand the spatial 
consequences of urban growth in the Intermountain West (Batty and Longley, 1994; 
Méaille and Wald, 1990). Among all the documented dynamic models, Cellular 
Automata (CA) is a widely used bottom-up simulation method to implement dynamic 
land use models with its excellent features in terms of flexibility to apply complex theory, 
visualization of dynamic patterns, and capabilities to integrate remote sensing and GIS 
(Clarke et al., 1996b; Torrens, 2000; Yang and Lo, 2003).  
CA is a cell-based, two-dimensional spatial simulation model, developed by Ulam 
in the 1940s and adopted by Von Neumann to investigate the logical nature of self-
reproducible systems (Von Neumann and Burks, 1966). According to Yang and Lo’s 
definition (2003), “A typical cellular automaton consists of four primary components: 
cells, states, neighborhoods, and transition rules. Cells are the smallest units of allowed 
states. The states of a cell can change in relation to its neighboring cells when a set of 
transition rules are applied uniformly.” CA has been modified by geographers to simulate 
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land use change, urban development and other changes of geographical phenomena 
(Batty and Longley, 1994; Li and Yeh, 2000).  
Later, a new Urban Growth Model (UGM), was developed by Clark (Clarke et al., 
1996b; Clarke et al., 1997), was created; the UGM enhanced some intricacies lacking in 
the traditional CA model construction, particularly the transition rules, specifically, self-
modification, probabilistic expressions and utility maximization, and accessibility 
measures (Torrens, 2000).  
In 2000, Candau et al. (2000) combined the UGM with a Deltatron Land 
Use/Land Cover Model (DLM) and created a more robust model, SLEUTH. This new 
model uses a turn-based approach whereby the UGM applies the standard parameters to 
reproduce land cover change between urban and non-urban land use for a time interval of 
one year. Cells are supported by their neighbors status which is the land use type, if no 
change occurs in any of their neighboring cells within a set period of time the cell will 
remain the status quo. (Candau et al., 2000; Clarke et al., 1997; Li and Yeh, 2000; Yang 
and Lo, 2003). To avoid the effort in building different models for the same subject, not 
really different one from the others, the idea of the Project Gigalopolis was born from 
collaborations between the University of California of Santa Barbara and United States 
Geological Surve. Project Gigalopolis is an Internet platform for SLEUTH users learning 
SLEUTH model, exchange ideas and sharing data.  
SLEUTH is implemented as a computer program written in the C programming 
language.  The name SLEUTH is an acronym for the input requirements of the model: 
Slope, Land use, Exclusion, Urban extent, Transportation and Hillshade (Caglioni et al., 
2006, Clarke et al., 1997). Based on inputs in these six categories, SLEUTH repeatedly 
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executes each growth "history," retaining cumulative statistical data, and then executes 
the growth rules for future years (Clarke et al., 1996a). Four types of growth are defined 
in the model: spontaneous, diffusive, organic, and road-influenced growth (Table 2.3.1). 
Each will be discussed in more detail below. 
 
Table 2.3.1 Summary of growth types simulated by SLEUTH model 
Source: Jantz, Goetz & Shelley 2003:254 
 
(1) Spontaneous urban growth 
Spontaneous growth defines the occurrence of random urbanization of land. In the 
cellular automaton framework this means that any pixel may be randomly urbanized 
during any one of the growth cycles. In SLEUTH this growth function is controlled by 
the dispersion coefficient (also referred to as diffusion), which regulates the number of 
times a pixel will be randomly selected (Project Gigalopolis). Figure 2.3.1 provides a 
graphic rendition of such a random switch-on process of grid cells. The cells being 
simulated as newly “urbanized” are clearly not affected by existing cell conditions. 
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2.3.1 Model overview 
 
Succinctly stated, “SLEUTH is an acronym for the input layers that the model uses in gridded map 
form: Slope, Land Use, Exclusion, Urban Extent, Transportation and Hillshade” (Silva & Clarke 
2002:526). The behaviour of the CA is controlled by diffusion, breed, spread, slope and road 
coefficients. There are four types of growth behaviour that can take place, namely: spontaneous, 
diffusive, organic and road influenced. Two further controlling factors are a user defined exclusion 
layer (for example, water bodies and fixed features such as an airport) and steep slope (a slope 
gradient of greater than 21% cannot be built up) which is calculated during the data preparation 
stage. Table 2.1 summarizes the types of urban growth that can be simulated by SLEUTH. It 
encompasses various growth cycle orders of various types with specific coefficients controlling for 
the various growth effects. In this way versatile simulations can be generated t  fit particular types 
of city or urban environment scenarios. 
 
Table 2.1: Summary of growth types simulated by the SLEUTH model.  
Growth 
cycle order 
Growth type Controlling 
coefficients 
Summary description 
1 spontaneous dispersion Randomly selects potential new growth cells.
2 new spreading 
centre (diffusive) 
breed Growing urban centres from spontaneous 
growth. 
3 edge (organic) spread Old or new urban centres spawn additional 
growth. 
4 road-influenced Road-gravity 
dispersion, 
breed 
Newly urbanized cell spawns growth along 
transportation network. 
Throughout slope resistance slope Effect of slope on reducing probability of 
urbanization. 
Throughout excluded layer User-defined User specifies areas resistant or excluded to 
development. 
Source: (Jantz, Goetz & Shelley 2003:254) 
 
2.3.2 SLEUTH applications examples 
 
This section seeks to examine various projects in which the SLEUTH model has been applied in 
order to support the research rationale for selecting the model. Since the Urban Growth Model is the 
forerunner to the SLEUTH Urban Growth Model, research using this model was also considered. 
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Figure 2.3.1 Spontaneous urban growths 
 (2) New spreading center urban growth 
This process (or modeling step) determines whether any of the new, 
spontaneously urbanized cells will become new urban spreading centers. The breed 
coefficient is the controlling factor during this step and requires that a newly urbanized 
cell have at least two urbanized neighboring cells before it is recognized as a spreading 
centre (Project Gigalopolis). Figure 2.3.2 offers an example of a gridded modeling 
instance where new growth is attracted to and encouraged by an earlier “growth” cell, 
leading to a clustering of new growth in its vicinity. 
 
Figure 2.3.2 New spreading centre urban growth 
(3) Urban edge-influenced growth 
Edge-growth applies to both new spreading centers and existing spreading 
centers. The spread coefficient identifies non-urbanized cells with at least three urbanized 
neighbors as having a higher probability for urbanization (Project Gigalopolis). Figure 
2.3.3 once more demonstrates an example of a gridded modeling instance where new 
growth is attracted to and encouraged to the edge of existing urban development (cells).  
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slope layer which is produced during the data preparation stage and records the percentage slope for 
each pixels location. A pixel located on a slope greater than 21% cannot be urbanized. 
Following this process the dataset is subjected to numerous simulated growth cycles, each cycle 
consisting of four steps in which a specific growth dynamic is modelled:  
(i) Spontaneous Growth (the effect of unforeseeable growth stimulus); 
(ii) New Spreading Centres (the effect of adjacency to new urban impetus cells, typically on the   
urban periphery); 
(iii) Edge Growth (the effect of adjacency to existing urban cells); and 
(iv) Road-Influenced Growth (the effect of adjacency to existing transportation line cells). 
These dynamics concur exactly with the growth triggering mechanisms identified empirically by 
Van der Merwe (1980) for Cape Town and are further explored separately below. 
2.3.3.1 Spontaneous urban growth  
Spontaneous growth defines the occurrence of random urbanization of land. In the cellular 
automaton framework this means that any pixel may be randomly urbanized during any one of the 
growth cycles. In SLEUTH this growth function is controlled by the dispersion coefficient (also 
referred to as diffusion) which regulates the number of times a pixel will be randomly selected 
(USGS s.d.). Figure 2.1 provides a graphic rendition of such a random switch-on process of grid 
cells. 
 
                 
Source: (www.ncgia.ucsb.edu/projects/gig  , 2005)
Figure 2.1: Illustration of spontaneous urban growth 
 
The cells being simulated as newly ‘urbanised’ are clearly not affected by existing cell conditions. 
2.3.3.2 New spreading centre urban growth 
This proces  (or m deling step) determines w ether any of the new, spontaneously urbanized cells 
will become new urban spreading centres. The breed coefficient is the controlling factor during this 
step and requires that a newly urbanized cell have at least two urbanized neighbouring cells before 
it is recognized as a spreading centre (Project Gigalopolis at USGS s.d.). Figure 2.2 offers an  
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Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.2: Illustration of new spreading centre urban growth 
 
example of a gridded modeling instance where new growth is attracted to and encouraged by an 
earlier ‘growth’ cell, leading to a clustering of new growth in its vicinity. 
2.3.3 3 Urban edge-influenc d growth  
Edge-growth applies to both new spreading centres and existing spreading centres. The spread 
coefficient identifies non-urbanized cells with at least three urbanized neighbours as having a 
higher probability for urbanization (Project Gigalopolis: USGS s.d.). Figure 2.3 once more 
demonstrates an example of a gridded modeling instance where new growth is attracted to and 
encouraged to the edge of existing urban development (cells). 
 
             
Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.3: Illustration of urban edge growth 
 
This type of development is to some extent encouraged in planning because it represents the 
antithesis of so-called ‘leap-frog’ development where the existing urban edge is ‘jumped’, leading 
to sprawl and sterilisation of intermediate land. 
2.3.3.4 Road-influenced growth 
This is the final growth step where growth is determined by both the existing transportation 
infrastructure and the most recent urbanization development types covered by the previous three 
steps. Once the breed coefficient has assigned a transition probability to the cells, the road gravity 
coefficient is applied which seeks out the nearest road to a cell up to a maximum distance scaled 
according to the proportions of the raster dataset. As Figure 2.4 shows for the usual gridded  
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Figure 2.3.3 Urban edge-influenced growths 
(4) Road-influenced growth 
This is the final growth step where growth is determined by both the existing 
transportation infrastructure and the most recent urbanization development types covered 
by the previous three steps. Once the breed coefficient has assigned a transition 
probability to the cells, the road gravity coefficient is applied which seeks out the nearest 
road to a cell up to a maximum distance scaled according to the proportions of the raster 
dataset. As Figure 2.3.4 shows for the usual gridded modeling example, if a road is found 
within the maximum distance of the cell, a temporary urban cell is placed on the nearest 
point along that road. Next, this temporary urban cell conducts a random walk along the 
road where the number of steps is determined by the dispersion coefficient. The final 
location of this temporary urbanized cell is then considered as a new urban spreading 
nucleus (Project Gigalopolis). 
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Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.2: Illustration of new spreading centre urban growth 
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Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.3: Illustration of urban edge growth 
 
This type f development is to some extent encouraged in planning because it represents the 
antithesis of so-called ‘leap-frog’ development where the existing urban edge is ‘jumped’, leading 
to sprawl and sterilisation of intermediate land. 
2.3.3.4 Road-influenced growth 
This is the final growth step where growth is determined by both the existing transportation 
infrastructure and the most recent urbanization development types covered by the previous three 
steps. Once the breed coefficient has assigned a transition probability to the cells, the road gravity 
coefficient is applied which seeks out the nearest road to a cell up to a maximum distance scaled 
according to the proportions of the raster dataset. As Figure 2.4 shows for the usual gridded  
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Figure 2.3.4 Road-influenced growths 
(5) Slope coefficient 
The slope coefficient influences each of the four growth types and is constant 
throughout the growth cycle. In SLEUTH, users can manually set up a critical value as 
critical value, areas of which slope value are greater then critical value cannot be 
urbanized. Figure 2.3.5 shows the terminating influence of this critical factor in allowing 
zero probability for a cell being switched to ‘urban’. As it is easier to urbanize level 
ground, cells in these areas will be prioritized for urbanization, alternatively, based on the 
dynamic of the proportion of flat land available and the proximity of established 
urbanized cells, urbanization on increasing slopes (but less than the critical slope) can be 
accommodated (Project Gigalopolis).  
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Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.4: Illustration of road-influenced urban growth 
 
modeling example, if a road is found within the maximum distance of the cell, a temporary urban 
cell is placed on the nearest point along that road. Next, this temporary urban cell conducts a 
random walk along the road where the number of steps is determined by the dispersion coefficient. 
The final location of this temporary urbanized c ll is then considered as a new urb n spreading 
nucleus (Project Gigalopolis: USGS s.d.).  
2.3.3.5 Slope coefficient 
The slope coefficient influences each of the four growth types and is constant throughout the 
growth cycle. In SLEUTH, cells on a slope of greater than 21% (critical slope) cannot be 
urbanized. Figure 2.5 shows the terminating influence of this critical factor in allowing zero 
probability for a cell being switched to ‘urban’. 
  
 
Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.5: Behaviour of the slope coefficient in grid modeling 
 
As it is easier to urbanize level ground, cells in these areas will be prioritized for urbanization, 
alternatively, based on the dynamic of the proportion of flat land available and the proximity of 
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Figure 2.3.5 Behaviors of the slope coefficients in grid modeling  
Source: www.ncgia.ucsb.edu, /projects/gig 2005 
 
SLEUTH model runs in three modes; test mode, calibration mode and prediction 
mode. The test mode will ensure all the datasets are ready and meet the requirements for 
model execution. A minimum of one excluded layer, one hillshade layer, one slope layer, 
four urban layers, two land use layers and two roads layers representing different time 
periods are required. All layers should be checked for coding verification and agreement; 
urban areas should not be present locations defined as undevelopable in the excluded 
layer (Clarke et al., 1996a). The success of this process is a precondition to run the 
calibration and prediction modes.  
Once the test mode is completed comes the most important phase, calibration. The 
purpose of the model calibration is to determine the best-fit values for the five growth 
control parameters including coefficients of diffusion, breed, spread, slope resistance and 
road gravity. Calibration relies on statistical measures of historical fit. Numerical values 
are assigned to the model parameters so that the SLEUTH model could accurately 
reproduce the real patterns (Clarke et al., 1996a; Clarke et al., 1997; Yang and Lo, 2003). 
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Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.4: Illustration of road-influenced urban growth 
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Source: www.ncgia.ucsb.edu, /projects/gig  2005
Figure 2.5: Behaviour of the slope coefficient in grid modeling 
 
As it is easier to urbanize level ground, cells in these areas will be prioritized for urbanization, 
alternatively, based on the dynamic of the proportion of flat land available and the proximity of 
 21 
 Calibration mode has three phases; coarse, fine and final calibrations. In the 
coarse calibration phase, the model attempts to simulate the historical growth patterns for 
a wide range of parameter values across the entire parameter space. In the fine calibration 
phase, value ranges of five coefficients from the coarse calibration results are used to 
simulate the finer historical growth patterns. Results of this phase are evaluated using 
spatial metrics of fit, and finer ranges of parameters are yielded. In the final calibration 
phase, a future urban growth pattern is anticipated and interpreted through this phase. A 
high diffusion value is a sign of scattering urbanization. The breed value shows the 
amount of vacant land suitable for development, with a high value representing more 
developable lands. If the spread coefficient is high, concurrently with a high road gravity 
value, most likely this spread is caused by a high capacity transportation infrastructure. 
As for the slope coefficient, the lower the value is, the less slope constrains urban 
development. The set of coefficients resulting from this phase best recreates urban 
growth, and then is used in the model prediction phase. 
Prediction mode is used to project future scenarios of urban growth. The set of 
coefficients (spontaneous, diffusive, organic, and road-influenced growth) explored 
above are referred to as predicted parameters in this phase.  A self-modified adjustment is 
also allowed during this prediction computation. If the growth rate becomes unusually 
high or low, a second level of growth rules is initiated, termed self-modification rules 
(Clarke et al., 1996a). These rules will either increase or decrease the growth parameters 
of breed, spread or dispersion. Growth rate is compared to two controlling factors in the 
scenario file, namely, critical high and critical low. If the growth rate exceeds the critical 
high value, the growth parameters are multiplied by a factor greater than one to simulate 
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a growth “boom” phase. When the critical low value is reached, the growth parameters 
are multiplied by a factor less than one to simulate a lag or “bust” phase. This behavior 
allows the system to simulate the typical S-curve growth common in urban expansion 
(Project Gigalopolis). In this case, the model modifies certain parameters to emphasize 
trend. Therefore, self-modification is quite important to ensure reasonable results (Yang 
and Lo, 2003). Also, different scenarios can be built to link simple policy decisions (e.g. 
rapid growth, sustained slow growth) and resultant environmental effects (e.g. urban heat 
islands, loss of other land uses, increased particulate and gas emissions, etc). Output 
could be animated, along with the historical data, as a tool for visualizing these scenarios. 
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CHAPTER 3 
                            MATERIALS AND METHODOLOGY  
3.1 Study area 
Cache County is situated in the northeastern part of Utah, surrounded by the 
Wasatch Mountains on the east and the Wellsville Mountain range on the west. The Bear 
River, which originates in Utah, runs through the northwestern section of the county and 
connects with the Little Bear, Blacksmith Fork, and Logan Rivers.  Cache Valley is a 
relatively flat valley crossed by the Bear River. The east part of valley has more 
urbanized and fast growing cities, while the west side is scatted with small towns 
(Peterson, 1997). 
 
Figure 3.1.1 Cache County location 
!
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Cache County reaches an elevation of 9,980 ft (3,042 m) at Naomi Peak in the 
Bear River Mountains. The total area of the county is 1,173 square miles (3,038.1 km2), 
comprised of 1,165 square miles (3,017.3 km2) of land and 9 square miles (23.3 km2) 
(0.73%) of water. Roughly half of the county is mountainous, forested and publicly 
owned. The lower elevation valley lands are predominantly privately owned and used for 
agriculture. 
Settlement of Cache Valley by the Mormons was led by Bryant Stringham. In 
1856, Peter Maughan, founded a permanent settlement called Maughan's Fort, the present 
town of Wellsville. More settlers began to arrive, and five towns (Providence, Mendon, 
Logan, Richmond, and Smithfield) were settled in 1859. Cache County was formed in 
1864 by the territorial legislature and its boundaries redefined in 1864 when part of 
Cache became Richland (Rich) County (Peterson, 1997). 
Cache County now supports 19 municipalities and 6 unincorporated towns. 
According to U.S. census data, by 2010 there were 112,656 people, 34,722 households, 
and 26,464 families residing in the county. The population density was 96.7 people per 
square mile (37.35/km²). There were 37,024 housing units at an average density of 31.78 
per square mile (12.28/km²). Conservative estimates predict that by 2040, Cache 
County’s present population will almost double to reach nearly a quarter million residents 
(Table3.1.2). While some of the predicted growth will come from outside of the county, 
as has long been the trend, most growth will be internal (Cache LESA).  
As the county’s population and economic base grow, urbanization has extended to 
take over important agricultural lands. Since 1986, Cache County has lost 8,884 acres of 
prime and statewide important farmland - nearly 14 square miles - to urban development. 
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The current rate of development is consuming over 600 acres of prime and statewide 
important farmland each year in the valley (Cache LESA). 
 
Figure 3.1.2 Cache County population projections  
Source: Governor’s Office of Planning & Budget 
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Figure 3.1.3 Utah Downscale Climate Change Projection 
Source: Reichler, T. (2012) 
 
In character with the rest of Intermountain West, Cache County is also within a 
projected climate changing zone (Reichler, 2012; Leung et al., 2004). In Northern Utah, 
where Cache County is located, precipitation is anticipated to increase about 10% in 
winter and decrease 10% in the summer.  Temperature is predicted to increase by 3°F in 
the winter and about 4°F in summer. As discussed in a previously, since heavy rainfalls 
will occur more often and shift into the cold season, this shift of precipitation patterns 
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will most likely cause a spatial-temporal mismatch of water supply and demand, and will 
challenge current natural and artificial water capturing and supply systems (Gillies et al., 
2012; Leung et al., 2004). As the climate changes, agriculture will be significantly 
impacted due to higher crop evapotranspiration rates and earlier spring runoff. This 
influence is likely to be evident especially to agricultural land that depend on the 
snowmelt flows of Bear River, Logan River, and Little Bear River as irrigation water 
sources (Zhang et al., 2010). Thus, climate change is an uncertain but vital factor in 
future projections of Cache County’s water management, agricultural productivity, and 
economic growth. Comprehensive land use planning is needed to cope with climate 
change. For these reasons, we have chosen Cache Valley, Utah, as a case-study example 
to model and predict the urban growth and land use change under climate change.  
3.2 Data 
SLEUTH requires at least five types of data (urban, roads, slope, excluded, and 
hillshade) as input; land use data is required if it is analyzed. Each layer must be 
compiled as a grayscale .gif image. Before processing and conversion, all raw data must 
conform to be of the same projection and consistent in resolution to ensure that pixels in 
all layers validate in size and location in model space. A pixel value must be assigned to 
each cell for each layer, since a value of zero is considered inactive or nonexistent while 
all values 0<n<255 are considered active, or existing entities for that theme. For 
calibration mode, at least four urban layers representing differing time periods must be 
provided, along with two road layers, a slope layer, an exclusion layer and a hillshade 
layer. These layers are discussed sequentially next. 
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Table 3.2.1 List of Input Data 
Theme Year Source Format Name for Model Input 
1984 
1984 Satellite 
Image (Landsat 4-5 
TM 30 m) 
Supervised 
Classified 
Raster 
Cache.urban.198.gif 
1992 
National Land 
Cover Data 1992 
(NLCD) 
Classified 
Raster Cache.urban.1992.gif 
2001 NLCD 2001 Classified Raster Cache.urban.2001.gif 
Urban 
Extent 
2006 NLCD 2006 Classified Raster Cache.urban.2006.gif 
1984 
Classified from 
1984 Satellite 
Image (Landsat 4-5 
TM 30 m 
Raster Cache.landuse.1984.gif 
1992 
National Land 
Cover Data 1992 
(NLCD) 
Supervised 
Classified 
Raster 
Cache.landuse.1992.gif 
2001 NLCD 2001 Classified Raster Cache.landuse.2001.gif 
Landuse 
2006 NLCD 2006 Classified Raster Cache.landuse.2006.gif 
1997 
US Census TIGER 
roads dataset from 
1997 
Rasterized Cache.road.1997.gif 
Road 
2006 
Cache County's 
street centerlines 
Shapefile from 
2006 
Rasterized Cache.road.2006.gif 
Slope 2006 30m National DEM Rasterized Cache.slope.gif 
Excluded 2006 Planning Boundary Shapefile Rasterized Cache.excluded.gif 
Hillshade 2006 30m National DEM Rasterized Cache.hillshade.gif 
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3.2.1 Topographical slope layer 
The slope input image is commonly derived from a Digital Elevation Model 
(DEM) for the study area. SLEUTH requires all slope values to be calculated as a 
percentage (Project Gigalopolis). Pixels in the grayscale image shown in Figure 3.2.1 are 
assigned pixel values equivalent to the percent slope; thus, a pixel value of one equates to 
a slope percentage of one. The darker pixels in the figure symbolize flatter areas, more 
suitable for urban development, while the white pixels denote the steep slopes of the 
mountainous areas. 
 
Figure 3.2.1 Slope layer of the study area produced from DEM 
3.2.2 Land excluded from development 
The exclusion layer defines all locations resistant to urbanization from a physical 
(e.g., water bodies) or planning (e.g., conservation easement) perspective. This layer may 
be customized based on different political and/or planning considerations. It is the logical 
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vehicle for investigating alternative futures during prediction mode (Project Gigalopolis). 
In Figure 3.2.2 the excluded areas are shown in white, with areas free of any urban 
expansion constraints shown in black. Restricting factors include water bodies, national 
parks, national forests, non-private-owned lands, flood plain, fault line, wildlife 
management areas, airports, wilderness, historical sites, urban interface, and conservation 
easement. This image was compiled from the various shapefiles obtained from the Utah 
Automated Geographic Reference Center.  
 
Figure 3.2.2 Areas excluded from the urban growth layer of the study area 
3.2.3 Built-up urban land layer 
SLEUTH requires urban extent data representing at least four different time 
periods to obtain sufficient simulation of the overall growth dynamic. Figure 3.2.3 shows 
the urban extent layer for 1984 as an example. White areas are urban footprint, while 
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black areas are non-urban areas. The figure shows the urban areas spread out along US 
highway 91, and concentrated in Logan City. 
Urban extent data also acts as the seeding year where simulation of future 
expansion proceeds. The historical data layers are processed chronologically during the 
calibration mode. The growth patterns observed between the layers are translated into 
growth coefficient values in the prediction stage (Project Gigalopolis). The data set used 
for this purpose is urban extent for the years 1984, 1992, 2001, and 2006. Dynamics of 
urban expansion and land use changes is simulated through this information.  
 
 Figure 3.2.3: Extent of urban development in the study area, 1984. 
3.2.4 Transportation layer 
The transportation layer is essential for accurate prediction, due to the great 
influence of roads on urban growth patterns. Figure 3.2.4 shows Cache County’s well-
developed transportation network of interstate highways, US highways, county highways, 
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main roads and neighborhood streets.  As with the urban extent layers, road layers are 
read into the model chronologically to refine the calibration of growth coefficients 
affected by road-influenced growth (Project Gigalopolis). The roads are weighted 
according to their influence on land development. Clarke et al., (1996a) found out that 
interstate highway and US highway have higher influence to stimulate urban growth than 
local roads. Width buffers are added to each road correspondingly based on its influence 
on urban growth. Standards of buffer radius are set up according to previous research 
done by Clarke et al., (1996a) and Yang, X., Lo, C. (2003). The resultant buffered 
features are further assigned different values (0<n<255) according to their relative 
importance before being converted into raster format. 
 
Figure 3.2.4: Transportation network of the study area constituting all major 
transport routes for 1997 and 2006. 
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Class Description Buffer Radius (in meters) 
Value 
Assigned 
A2 Primary Road Without Limited Access 60 100 
A3 Secondary and Connecting Road 45 50 
A4 Local, Neighborhood, and Rural Road 30 25 
Table 3.2.2 Road classification, buffer and weighting 
3.2.5 Hillshade layer 
The hillshade input layer is commonly derived from the DEM for the area. Its 
function is merely to provide spatial-topographical context for the urban extent and to 
add hillshade effects to the display of mapped results. The image should be viewed 
together with the slope image to obtain a proper impression of the topography in the 
region and where urban development could occur (Project Gigalopolis). 
  
Figure 3.2.5 Hillshade of the study area derived from DEM 
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3.3 Methodology 
A prescribed sequence must be followed during the SLEUTH execution process. 
Through this specific procedure, appropriate coefficient values are generated to simulate 
future urban growth and land use changes. These steps are listed in the diagram (Figure 
3.3.1). SLEUTH comprises three primary phases: test, calibrate, and predict modes. Each 
mode and sub-mode is run by a scenario file respectively. The scenario file allows the 
user to set up new ranges for growth coefficients, customized output color for each of the 
different codes, and selectively activate or deactivate a number of supporting functions, 
such as land use change prediction. 
The calibration process is the most time consuming phase and comprises four 
phases: coarse, fine, final and coefficients derivation. All possible combinations of 
coefficient values (ranging from 0 to 100) are applied to the data set. Through the coarse, 
fine and final sub-calibration process, value ranges are narrowed down step-wise. 
Eventually, at the coefficients derivation phase, appropriate coefficient values are 
produced, which will be used for prediction mode (Table 3.3.1). A log file is used to keep 
record of several different statistics reflecting the accuracy of each combination of 
growth variables. The process of identifying these coefficients is “an area of ongoing 
discussion among users, and so far no definitive ‘right’ way has been agreed upon” 
(Project Gigalopolis). Therefore, many approaches to processing these statistics may be 
applied at the user’s discretion. 
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Figure 3.3.1 SLEUTH Diagram 
 
The entire process entails numerous computations. High performance computing 
is adopted to facilitate this process. A list of coefficient values through each step is listed 
as below (Table 3.3.2). The final set of coefficient values (diffusive=1, breed=16, 
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spread=100, slop=1, and road gravity=3) is used to project future plan trend scenarios.  
Table 3.3.1 Coefficients of SLEUTH calibration mode 
 
 
 
 
  Coarse Calibration 
Fine 
Calibration 
Final 
Calibration 
Coefficients 
Derivation 
Final 
Coefficients 
Start 
value 0 0 1 1 
Step 
value 25 5 1 1 Diffusion 
Stop 
value 100 20 5 1 
1 
Start 
value 0 1 1 13 
Step 
value 25 28 3 1 Breed 
Stop 
value 100 7 15 13 
16 
Start 
value 0 65 82 86 
Step 
value 25 5 1 1 Spread 
Stop 
value 100 85 87 86 
100 
Start 
value 0 0 1 7 
Step 
value 25 5 2 1 Slope 
Stop 
value 100 20 10 7 
1 
Start 
value 0 0 1 1 
Step 
value 25 20 15 1 
Road 
Gravity 
Stop 
value 100 80 60 1 
3 
Iteration 4 8 10 120  
Lee and Sallee 
statistic 0.3368 0.3381 0.3383 0.29  
Compare  0.4890 0.515 0.52   
Pop (r2) 0.9048 0.906 0.91   
Calibration 
Start Date 1984 
Calibration Stop 
Date 2006 
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During the prediction mode, four scenarios are established, which are: 1) plan 
trend scenario/climate change A2 scenario; 2) climate change A2 scenario with 
conservation management; 3) climate change B2 scenario; and, 4) climate change B2 
scenario with conservation. Prediction year starts from 2007, and ends at 2030. IPCC 
greenhouse emission scenarios A2 and B2 (Table 3.3.2) are adopted to build Cache 
County alternative futures.  The A2 scenario describes a situation with continuously 
increasing population, greater reliance on fossil fuels, and increased automobile 
dependence. Basically this scenario reflects an urban growth pattern that will result in 
urban sprawl, with minimal infilling rates and higher road influence. No protection of 
natural resources is taken into account. In contrast, the B2 scenario translates to an urban 
growth pattern that will have compact development with conservation management. 
Generally, this scenario represents a decrease of dependence on automobiles and an 
increase of infilling rates. This scenario is oriented towards environment protection and 
social equity (Change, 2007).  
The current trends scenario reflects current policy and management; that is, there 
is no increased environmental protection or control ofgrowth management added, and 
Cache County’s growth will follow its current growth trends. This scenario produces 
urban sprawl growth and more spreading centers away from current existing urbanized 
areas. This growth pattern is almost identical to the climate change A2 scenario. In other 
words, if no further action is taken in the near future, Cache County is under the 
projection of A2 climate change scenario, which means increased population growth, 
increased automobile dependence, and inadequate environmental projection. Thus, in this 
study, we consider plan trend scenario as climate change A2 scenario.  
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The second scenario, conservation, reflects a series of natural resource protection 
and management strategies. Areas near major rivers or along wetlands are discouraged 
from being developed in this scenario in order to protect clean water and riparian 
habitats. Also, a wildfire and urban interface zone is excluded from development in this 
scenario, for the good of human welfare. No limits on urban growth are added in this 
scenario.  
The third scenario, the climate change B2 scenario, shows a compact growth 
pattern. Following the IPCC emission scenario, less land conversion and a high infilling 
rate are incorporated into this scenario. Development around existing urban centers is 
encouraged. No extra environmental protection is added.  
The fourth scenario, climate change B2 scenario with conservation, is a 
combination of the climate change B2 scenario and conservation scenario. In this 
scenario, based on the climate change B2 scenario, more environmental concerns are 
taken into account.  
Each of these four scenarios are generated through defining the excluded layers. 
Table 3.3.3 lists all the criteria and layers used for future predictions.  The predictions of 
these scenarios run with the SLEUTH model are discussed in the next chapter. 
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Table 3.3.2 Descriptions of the A2 and B2 IPCC emission scenarios 
Source: IPCC emission scenarios. 
A2 Scenario.  
The A2 storyline and scenario family describes a very heterogeneous world. The 
underlying theme is self-reliance and preservation of local identities. Fertility 
patterns across regions converge very slowly, which results in continuously 
increasing population. Economic development is primarily regionally oriented and 
per capita economic growth and technological change more fragmented and slower 
than other storylines. 
B2 Scenario.  
The B2 storyline and scenario family describes a world in which the emphasis is on 
local solutions to economic, social and environmental sustainability. It is a world 
with continuously increasing global population, at a rate lower than A2, 
intermediate levels of economic development, and less rapid and more diverse 
technological change than in the B1 and A1 storylines. While the scenario is also 
oriented towards environmental protection and social equity, it focuses on local and 
regional levels. 
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Table 3.3.3 Scenarios, excluded layers, and criteria 
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                                                      CHAPTER 4 
                       SLEUTH MODEL OUTPUT RESULTS 
Four possible planning scenarios of future urban development and land use 
dynamics in Cache County are presented in this chapter. SLEUTH produced a statistical 
summary file for each scenario and image outputs of predicted urban extent and land use 
dynamics for each predicting year under four scenarios. A total of 24 output images of 
each scenario were created. In Figure 4.1 and Figure 4.2, Year 2007, 2010, 2015, 2020, 
2025, and 2030 were selected to display the urban development and land use change 
dynamics. In Figure 4.1, yellow stands for existing urban extent derived from the seeding 
year’s urban extent. Simulated urban areas are displayed in other colors based on the 
percentage probability of urbanization for that pixel.  
 
Figure 4.1 Prediction of urban growth in Cache County
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Figure 4.2 Prediction of land use in Cache County 
Table 4.1 lists some selected statistical measures for the simulation results under 
different scenarios. From climate change A2 scenario, to conservation scenario, to 
climate change B2 scenario, and to climate change B2 scenario with conservation, a 
decrease of growth rate is revealed. This decrease is mainly caused by changes of urban 
development patterns, from sprawl development to sprawl with conservation constraints, 
to compact development, and to compact development with conservation management. 
The decreasing growth rate confirmed the correctness of the establishments of each 
scenario, and validated the establishment of excluded layers for each scenario.  
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Table 4.1 Selected statistical measures for the simulations under different scenarios
 
Growing urban areas for each year can be calculated by multiplying pop (the 
number of urban pixels) by one pixel dimension 900m2 (30m*30m). Figure 4.3 shows the 
dynamics of projected urban areas (km2) from year 2007 to year 2030 under four 
scenarios, and Figure 4.4 shows the area of projected urban land use in year 2030 under 
four scenarios. Urbanized land is predicted to reach 743 km2, 584 km2, 514 km2, and 422 
km2 respectively under four scenarios. 
Selected statistical measures for the simulations under different scenarios 
 
1The definitions of these abbreviations (Project Gigalopolis, 1999): sng: cumulative number of urbanized pixels by 
spontaneous neighborhood growth (spontaneous growth models the development of urban settlement in undeveloped 
areas); og: cumulative number of urbanized pixels by organic growth; rt: cumulative number of urbanized pixels by 
road Influenced growth; diffusion: diffusion coefficient; spread: spread coefficient; breed: breed coefficient; slope: 
slope coefficient; road gravity: road gravity value; pop: total number of urban pixels; edges: number of urban to 
nonurban pixel edges clusters: number of urban pixel clusters; rad: the radius of the circle which encloses the urban 
area; percent_urban: percent of urbanized pixels divided by the number of pixels available for urbanization; 
growth_rate:(number_growth_pixels/total_number_urban_pixels)* 100); growth_pixels: number of growth pixels for 
each year. 
 
 
 
 
 
Future Simulations 
Statistical 
Measures1 
Past to the 
Present 
Simulatio
n 
Plan Trend 
Scenario 
Conservatio
n Scenario 
Climate 
Change B2 
Scenario 
Climate 
Change B2 
Scenario with 
Conservation 
sng 3.58 2.08 1.51 0.61 0.47 
sdg 1 0.88 0.53 0.28 0.21 
og 29832.51 17738.23 13264.15 10708.43 7967.23 
rt 14.15 2.95 2.64 2.35 1.42 
Diffusion 1 1.26 1.26 1.26 1.26 
Spread 100 100 100 100 100 
Breed 16 20.11 20.11 20.11 20.11 
Slope 
Resistance 1 1 1 1 1 
Road gravity 3 12.32 12.97 18.71 21.55 
Pop 182707.2 816180.5 648934.2 571197.9 468950.2 
Edges 94333.13 93518.46 98831.82 80480.21 83931.53 
Clusters 8298.74 4011.68 4751.76 5772.95 6405.65 
Rad 241.16 509.7 454.49 426.4 386.36 
Slope 5.83 5.21 5.56 4.49 4.84 
Clusters size 21.55 202.93 136.11 98.48 72.72 
Percent urban 20.23 57.68 59.24 90.45 102.6 
Growth rate 16.34 2.17 2.04 1.88 1.7 
Growth pixel 29851.24 17744.14 13268.83 10711.67 7969.33 
 44 
 
Figure 4.3 Projected urban areas from year 2007 to year 2030 
 Figure 4.4 Projected urban areas in 2030 under four scenarios 
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Table 4.2 Land use projections in year 2030 under four scenarios 
 
Table 4.2 shows the land use projections in year 2030 under four scenarios. Land 
use information in year 2006 is used as baseline for comparisons and further analyses. 
Figure 4.5 displays simulated changes of seven types of land uses in year 2030 compared 
with year 2006. As shown, there are no big changes of water bodies and barren lands, in 
terms of area. Figure 4.5 shows the absolute changes from year 2006 to year 2030. 
Because of the non-significant changes of area of water bodies and barren lands, these 
two types of land uses are not included in Figure 4.6. From Figure 4.6, an observational 
conclusion could be drawn that urbanized land will be developed by converting 
agricultural lands, grasslands and rangeland. Based on this simulation, about 432 km2 
agricultural lands will be turned to urban uses under current growth trends. 
Optimistically, even under the best scenario, climate change B2 scenario with 
conservation, Cache Valley will still lose 223km2 agricultural lands at the rate of 12 km2 
per year by year 2030. The consequences of this land transformation have been discussed 
from ecological and economic perspectives in the previously. Further detailed evaluations 
will be presented in the next chapter.  
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Figure 4.5 Simulated changes of land uses in year 2030 compared with year 2006 
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Figure 4.6 Absolute land use changes from year 2006 to year 2030 
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CHAPTER 5 
                            EVALUATION AND ASSESSMENT 
 
Cache County’s population has been growing and will continue to grow by two 
percent each year within. In 2030 the population is projected to be 243,600. The results of 
SLEUTH in the last chapter, the conclusion can be made that Cache Valley’s population 
and urban growth will surpass its current space, and cause landuse changes and new 
landscape configurations. These changes expressed in Cache County will be land use 
shifts from agriculture to urban, and land cover changes from native to artificial urban 
landscape. The general consequences of this land conversion will be the decline of 
productivity of agricultural operations, and rising land prices. As urbanization extends 
into rural areas, it brought environmental concerns, such as displacement of wildlife 
habitat and elimination of recreational opportunities.  In this chapter, downscaled and 
detailed evaluation and assessment of four alternatives are examined from farming, 
wildlife management, and water resources aspects. This evaluation process visualizes the 
potential implications, and helps decision makers and planners weigh each development 
plan’s positive gains and negative losses.  
 
5.1 Evaluations of implication for wildlife habitat  
Critical wildlife habitat is defined to meet management objectives and the habitat 
conservation needs. According to the Utah Division of Wildlife Resources (UDWR) 
ranking system, available at www.wildlife.utah.gov/ucdc/ViewReports/sslist.htm, four 
types of critical wildlife habitats have been identified in Cache County. They are mule 
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deer habitats, elk habitats, sage grouse habitats and sharp-tailed grouse habitats.  
Figure 5.1.1 represents the combined habitat of these four important wildlife 
species found in Cache County. Designated areas shown in the map contain at least one 
species of wildlife identified as critical by UDWR. GIS data used for this map is publicly 
available, and can be retrieved from: http://gis.utah.gov/data/bioscience-
overview/department-wildlife-resources-habitat-areas/. 
Diverse wildlife and wildlife habitats are essential to biodiversity and a resilient 
ecosystem. Healthy wildlife habitats are the preconditions for conserving wildlife species 
diversity and abundance. Residents of Cache County value wildlife viewing and wildlife 
hunting as a big component in their recreational activities, thus, maintaining critical 
wildlife habitats is required to meet residents’ recreational needs. However, human 
activities can be very detrimental to wildlife and wildlife habitats. The most common 
consequences of human disturbance to wildlife habitats are the loss of habitat, habitat 
fragmentation, increased road mortality, and increased competition between native 
species and nonnative species. Figure 5.1.2 shows the projected urban areas in year 2030 
and their positions relative to wildlife habitats for each four scenarios. Development 
occurring in wildlife habitats may jeopardize the continued health of specific wildlife 
populations, causing habitats loss and fragmentation. Figure 5.1.3 reports the total area of 
wildlife habitat that will be converted to urban development in year 2030 under the 
different scenarios. Plan trend Scenario has the most impact, while climate change B2 
scenario with conservation has the least conversion rate.  
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Figure 5.1.1 Wildlife habitat of Cache County
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Figure 5.1.2 Evaluation of implication for wildlife habitats
Plan Trend / Climate Change A2 Scenaio
Climate Change B2 Scenario with ConservationClimate Change B2 Scenaio
Conservation Scenario
urban Wildlife Habitats 0 1 2 3
Evaluation of Implication for Wildlife Habitat
Year 2030
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Figure 5.1.3 Loss of wildlife habitats to urban development 
 
5.2 Evaluations of implications for farmland 
Cache County contains 177,000 acres of cropland and 77,000 acres of pasture/ 
rangeland, a total of 254,000 acres of farmland. As an agriculture-oriented county, Cache 
County’s agriculture makes up about 26% of the county’s gross economic output (Cache 
LESA). Because of this economic mainstay and the history of agricultural land use, 
preserving agricultural land is a priority of the county’s development plans (Cache 
LESA). However, with the boom in other economic sectors and rapid urban growth, 
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of prime and statewide important farmland have been converted to urban uses, at the rate 
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of 600 acres per year. Undoubtedly, the ongoing urban expansion will worsen this 
situation, and raise more ecological, economic and social issues, such as land degradation 
and fragmentation, reduced agricultural productivity and economic output, and 
displacement of rural communities. 
In this section, the implication of urban growth for agriculture is examined. Prime 
and local significant farmland has been identified to protect it from development (Figure 
5.3.1). U.S. Department of Agriculture defines prime farmland as “the land that has the 
best combination of physical and chemical characteristics for producing crops. It has the 
soil quality, growing season, and moisture supply needed to produce economically 
sustained high yields of crops when treated and managed according to acceptable farming 
methods. Prime farmlands are not excessively erodible or saturated with ground or 
surface water for a long period of time.”  
Farmland of local importance is local prime farmland with highly productive 
value. Criteria for defining and delineating these lands are determined by the appropriate 
state or local agencies in cooperation with USDA (USDA 
http://soils.usda.gov/technical/handbook/contents/part622.html). Though these criteria 
may not be applicable outside the state or local area, lands identified as locally important 
farmlands are still highly productive and of special importance to local agriculture (Cache 
LESA). All prime and locally important farmland derived from SSURGO Soil Surveys, 
are available for download at NRCS Soil Data Mart: http://soildatamart.nrcs.usda.gov/.  
Figure 5.2.2 presents the projected urban areas in year 2030 and their positions 
with farmland under four scenarios. Development within areas having farmland 
protection is not encouraged. Figure 5.2.3 displays the farmland that likely will be 
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converted to urban uses. Figure 5.2.4 reports the total area of farmland that will be 
impacted by urban development in year 2030. Plan trend scenario has the most impact, 
while climate change B2 scenario with conservation has less conversion rate. The 
difference between the outcomes of conservation scenario and climate change B2 
scenario is not significant. 
 
Figure 5.2.1 Farmland of Cache County 
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Figure 5.2.2 Evaluation of implication for farmland 
Plan Trend / Climate Change A2 Scenaio
Climate Change B2 Scenario with ConservationClimate Change B2 Scenaio
Conservation Scenario
urban prime farmland farmland of local importance
Evaluation of Implication for Farmland
Year 2030
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Figure 5.2.3 Loss of farmland by year 2030 
Plan Trend / Climate Change A2 Scenaio
Climate Change B2 Scenario with ConservationClimate Change B2 Scenaio
Conservation Scenario
Loss of Farmland
Year 2030
loss of prime agricultural land loss of local important agricultural land
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Figure 5.2.4 Loss of farmland to urban development 
 
5.3 Evaluations of implications for water resources 
Water resources are crucial for ecological functions and meeting the needs of the 
county’s residents. In this section, three aspects of water resources are evaluated under 
four alternative futures. They are: surface water, soil infiltration, and ground water.  
5.3.1 Evaluations of implications for surface water  
Urban growth in Cache County will likely cause adverse impacts on the quality 
and quantity of surface water. In this section, surface water includes major rivers, lakes, 
and streams. In order to maintain water quality, prevent erosion, and conserve important 
fish and wildlife habitat, a 30-meter buffer within the bank of lakes, rivers and streams is 
made to protect Cache County’s water resources (Johnson, et al, 2008). 
Cowardin (1979) defined wetlands as “lands where saturation with water is the 
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dominant factor determining the nature of soil development and the types of plant and 
animal communities living in the soil and on its surface.”  Wetlands serve great 
contributions to ecological functions, such as providing habitat for fish and wildlife, 
improving water quality by filtering sediment and nutrients from upland runoff, providing 
shoreline and stream bank stabilization, and providing recreational opportunities such as 
wildlife viewing and hunting (Chen et al, 2003). Protecting wetlands is favorable to both 
Cache County’s ecological health and residents’ recreation values (Cache LESA). A 30-
meter buffer around wetland is produced for conservation purposes (Johnson, et al, 
2008).  
Figure 5.3.1 is the composite map of surface water resources. All the buffer zones 
are included. Figure 5.3.2 shows the projected urban areas in year 2030 and their 
positions relative to with surface water under four scenarios. Development within water 
resources zones may worsen water quality, cause soil erosion, and lead to wildlife habitat 
loss. Figure 5.3.3 reports the total area of water resources will be impacted by urban 
development by year 2030. Plan trend scenario has the most impact, while climate 
change B2 scenario with conservation has less impact.  
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Figure 5.3.1 Surface water of Cache County 
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Figure 5.3.2 Evaluation of implication for surface water 
 
Plan Trend / Climate Change A2 Scenaio
Climate Change B2 Scenario with ConservationClimate Change B2 Scenaio
Conservation Scenario
Urban Surface water with 100m buffer
Evaluation of Implication for Surface Water 
Year 2030
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Figure 5.3.3 Areas of affacted water reources by urban development 
 
5.3.2 Evaluations of implications for shallow ground water  
Cache County’s drinking water mainly relies on ground water. As urban land use 
grows, the loss of natural land cover is expected to increase urban water run-off, and 
reduce ground water recharge. This change will impact mostly the residents who use 
ground water as their primary domestic water supply source. Ground water in Cache 
County should be conserved to ensure a reliable and high quality source of water supply. 
In recent years, shallow ground water has caused a series of flooding damages in 
Cache County. The rising water tables have impaired residents’/ users’ properties, and 
will potentially cause groundwater quality degradation (Hecker et al., 1988). Given this 
particular issue in Cache County, areas with water tables less than 30 feet below land 
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surface are defined as shallow groundwater zones that are most likely to experience 
groundwater related issues (Figure 5.3.4). Shallow ground water data can be retrieved 
from http://gis.utah.gov/data/geoscience/. 
Figure 5.3.5 shows projected urban areas in year 2030 with shallow groundwater zones 
under four scenarios. Development within shallow groundwater zones may be exposed to 
shallow groundwater issues. Figure 5.3.6 reports the total area of water resources will be 
impacted by urban development by year 2030. Plan trend scenario has the most impact, 
while climate change B2 scenario with conservation has less impact.  
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Figure 5.3.4 Shallow groundwater zones of Cache County 
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Figure 5.3.5 Evaluation of implications of shallow ground water 
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Figure 5.3.6 Areas of urban development on shallow ground water zone 
 
5.3.3 Evaluations of implications for soil infiltration  
Recently, there has been an increased interest in the use of infiltration as a method 
of managing stormwater. Infiltration practices promote groundwater recharge, reduce 
runoff peak flows and volumes, and can lessen the transport of non-point source 
pollutants to surface water bodies (Sophocleous, 2002). To serve this purpose, zones with 
high infiltration rate have been identified (Figure 5.3.7). 
High soil infiltration zones are important for ground water recharging (De Vries 
and Simmers, 2002). A groundwater recharge zone is an area where deposits between the 
land surface and the water table consist of sediments that contain no confining layers, 
allowing surface water to move from the land surface to an aquifer (De Vries and 
Simmers, 2002). Figure 5.3.8 shows projected urban areas in year 2030 with high soil 
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soil infiltration rate zones will be impacted by urban development by year 2030.  
 
Figure 5.3.7 High soil infiltration rate zones in Cache County 
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Figure 5.3.8 Evaluations of implications for soil infiltration  
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Figure 5.3.9 Areas of urban development on high soil infiltration rate zone 
 
 
5.4 Conclusion  
Based on the above model assessments, the implications of each scenario in terms 
of wildlife management, water resources, agriculture, and development suitability are 
ranked into three levels (Table 5.5.1). Roughly equal implication was placed on the 
outputs of conservation scenario and climate change B2 scenario. More protection of 
natural resources is needed for plan trend scenarios/climate change A2 scenario. Climate 
change B2 with conservation management basically meets the urban growth needs and 
causes less environmental impacts. 
 This study is a preliminary analysis. It offers a general broad understanding of 
potential environmental impacts. To achieve more accurate predictions of urban growth 
and associated environmental impacts, sites assessment, zoning policy, and local 
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development plans would be needed.  This is an important area of future application of 
the SLEUTH model.  
 
Table 5.4.1 Implication Matrix  
 Wildlife Habitats 
Agricultural 
Lands 
Surface 
Water 
Soil 
Infiltration 
Ground 
Water 
Plan Trend 
Scenario/ 
Climate Change A2 
Scenario 
     
Conservation 
Scenario      
Climate Change B2 
Scenario      
Climate Change B2 
Scenario with 
conservation 
     
 
 
 
 
 
   
Implication 
           Severe                                                           Modest 
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    CHAPTER 6 
   CONCLUSIONS AND ADAPTATIONS 
The performance of SLEUTH interpreting climate change scenarios was tested 
during the modeling process. Through the creation of different scenarios, model outputs 
provide best estimates of future land use dynamics and urban growth under different 
policy and management conditions related to climate change scenarios. A common trend 
of land conversion from farmland to urbanized land was revealed in Cache County under 
different scenarios. These visualized results opened up the opportunities for planners and 
decisions makers to foresee the potential consequences brought by individual policy or 
management, and to better address climate change issues in the transitional urban 
environment.  
Though the results are Cache County specific, the general tendency of land use 
changes is applicable to the Intermountain West in suggesting that urban areas will 
continue to grow at the expense of farmlands. Urbanization is inevitable in the 
Intermountain West. As discussed in Chapter 2, the growing urban areas will consume 
more fossil fuel and produce more greenhouse gas emissions, which in turn will 
contribute to climate change. Consequently, the worsening climate change situation will 
influence hydroclimate and ecosystem functions, indirectly affecting urban function in 
the Intermountain West. Thus, developing with the least impact to climate change is a 
challenge for the Intermountain West. In this regard, incorporating climate change 
adaptation and mitigation strategies into urban development plans will help the 
Intermountain West manage rapid urbanization with minimal climate change impact. 
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Adopting climate change mitigation and adaptation strategies into the urban 
planning process can be achieved in several ways, such as through infrastructure design, 
settlement development, urban zoning policies, and greenhouse gas emission reduction. 
Table 6.1 selectively listed some climate change adaptation strategies developed by 
Kamal-Chaoui and Robert (2009) and Hoornweg (2012). However, integrating adaptation 
into development plans cannot be effective without policy and regulations support, 
implementation, and monitoring (Matthews, 2011). Engagement of local governments 
and stakeholders is important in the climate change adaptation process (Corfee-Morlot et 
al., 2009). In addition, long-term efforts should be made to educate planners about the 
knowledge of climate change and its linkage to urban development. 
In conclusion, climate change and its effects will present many new challenges for 
urban systems and for urban planning. Urban planning needs to adapt to these new 
changes and constraints, and to develop new tools and plans to effectively respond to 
climate changes. Integrating climate change constraints into the application of the 
SLEUTH model in Cache Valley is an example of the kinds of analytic tools that can 
help planners and decision makers better address climate change in planning and policy. 
